A brisk kick to the shin is a painful reminder that bone is rich in nerve endings, an attribute first described by the French anatomist, M Gros, in 1846.
(1) Half a century later, in 1892, the German anatomist, Julius Wolff, revealed the skeleton's capacity to adapt to loading challenges, (2) with bone added and/or removed to best accommodate changes in functional demands. Whereas the skeleton's adaptive attributes have become integral to any strategy to retain bone quantity and quality in the face of aging and hormonal changes, (3) this "form follows function" paradigm has challenged musculoskeletal biologists and bioengineers with identifying the cell population(s) and molecular mechanism(s) responsible for perceiving and responding to these mechanical stimuli. (4) Not surprisingly, being that it was bone that was loaded and bone that was adapting, such studies have focused primarily on the resident bone cell population-osteoblasts, bone-lining cells, and osteocytesas the obvious candidates responsible for assessing and regulating the tissue's response to new mechanical demands. (5) In work published in this issue of JBMR, Sample et al. (6) provide provocative new evidence that the innervation of bone, described so well by Gros, may be a critical mediator of Wolff's skeletal adaptation to mechanical signals.
Through a carefully designed series of experiments, the authors first showed that an intense mechanical challenge can translate to a remote anabolic response as far away as the contralateral control limb. The authors then showed that active innervation is critical to the transformation of local loading into an adaptive event, local or remote, because a local anesthetic administered before the mechanical stimulation abrogates the bone modeling response. Like a kick in the shin, this paper reminds us that ensuring the adaptive capacity of the bone may not be the responsibility of bone cells alone, and instead may rely on input and/or control from other cell populations contributing to the musculoskeletal "system."
The experiment designed by the laboratory from the University of Wisconsin subjects the right ulna of anesthetized rats to a single bout of 1500 cycles of a load sufficient to cause either 760, 1500, or 3750 microstrain, reflecting low, medium, and very high levels of functionally induced strain, respectively. (7) Ten days after load, examination of the ulna showed a pronounced increase in bone formation at specific sites around the periosteum, with the greater the strain challenge, the greater the response. In a surprising result, particularly evident in those animals subject to the supraphysiologic strain regimen, bone formation increased on the periosteal surface of the ipsilateral humerus, and as well, the authors found a significant modeling response in the contralateral ulna and humerus. This result directly contrasts with the generally held notion of a "local challenge, focal response" paradigm. (8) Just as surprisingly, blockade of neuronal signaling between the loaded limb and the spinal cord by bupivacaine injection of the brachial plexus not only mitigated the periosteal response in the remote bones but in the directly loaded ulna. This work indicates that signals other than direct matrix strain are required for the modeling response and that cells beyond "simply" bone cells are involved in orchestrating bone adaptation.
These provocative results invite reconsideration of some of our dearly held dogmas regarding mechanical adaptation of bone. Sample's evidence of "remote" adaptation is in direct contrast to previously published, and well accepted, "unilateral" loading protocols (9) (10) (11) (12) (13) and suggests that even if the physically challenged bone cells can perceive and respond to a load, that some x-factor is released to signal a remote, if not systemic response. Perhaps our failure to recognize a remote response in previous reports is as much because the measured responses were greater because of a more efficacious load regimen or the simple reason that a small response was simply not expected and thus inadvertently ignored. That said, investigators have looked specifically at the possibility of remote adaptive responses to local mechanical challenges (8) and have concluded that, if the stimulus is local, the response is local. Certainly, it is possible that distant bones were inadvertently loaded in the current report or that the higher loads that were sufficiently "stimulatory" surpassed a threshold for "adaptation" and reached a level of "repair," resulting in the release of inflammatory cytokines to cause a remote response. (14) Assuredly, if Harold Frost was still with us, he would interpret the supraphysiologic strain regimen's unique ability to stimulate "other than local" responses as evidence of a Regional Acceleratory Phenomenon, (15) but even that would fail to explain how/why bones in the contralateral limb are actively engaged in modeling surfaces. Further experiments are necessary and will be greatly anticipated.
Appreciation of a potential contralateral response to unilateral loading should also be advisory: we must all be put on notice to evaluate our current methodological approaches that presume a remote site is immune to a seemingly local signal, whether physical or chemical. Certainly, these experiments reinforce the importance of the question as to what the skeleton is responding to during exercise in general or mechanical loading in particular: is it a local cellular response to physical demand or an organismal-level accommodation critical to vertebrate survival. After all, it would not seem unusual to have a means of equalizing morphology in what-short of baseball, tennis, and golf-is most typically a symmetrically loaded system.
Other considerations arise as we consider the contribution of the neural network to bone adaptation. For instance, the assertion that the osteocyte network is the sole regulator of load adaptation (16) all but ignores the ability of multiple cell types and tissue systems to integrate and orchestrate an appropriate response to new functional challenges. Sample et al. remind us that the periosteum is highly innervated, suggesting that mechanical distortion of this fibrous layer would readily serve as a mechanotransducer (and a transected periosteum is a notorious deterrent to healing). (17) Clearly, casting an anabolic response to a focal mechanical challenge to the contralateral side cannot rely on transmission by osteocytes alone but must be facilitated through humeral or neurological signals.
As the cells, tissues, and organ systems involved in skeletal regulation and repair have extended beyond those specific cells known to form and resorb bone, (18) aspects of the work of Sample et al. point to the inescapable fact that the skeleton, first and foremost, greatly facilitates mobility. Locomotion, by which mammals seek food and shelter, is inevitably linked teleologically to skeletal development and repair. Thus, it may not be such a leap to consider that physical and metabolic signals are combined to regulate skeletal mass and morphology. Indeed, findings over the past several years have shown integral links between the etiology of osteoporosis and obesity and the regulation of osteoblasts and adipocytes. The mesenchymal stem cell residing in bone marrow is a common precursor for both osteoblasts and adipocytes, and signals that promote the differentiation of one cell type often prevent the differentiation of the other. (19) As such, expression and activity of peroxisome proliferator-activated receptor (PPAR)␥ promote differentiation of adipogenesis and are associated, unfortunately for diabetics being treated with PPAR␥ agonists to improve metabolic control, with decreased recruitment of osteoprogenitors. (20) Complex connections exist between systems that regulate glucose homeostasis and bone morphology: osteoactive factors released by bone cells may limit adipogenesis and modulate carbohydrate metabolism (21) and decreased availability or action of the adipocyte product leptin not only causes hyperphagia and obesity, (22) but is associated with bone resorption through mechanisms that invoke central sympathetic neurological control. (23) More specific to shared control of cell fate by physical stimuli, low-magnitude, high-frequency mechanical signals that are anabolic to bone apparently do so at least in part by biasing the differentiation pathways of mesenchymal stem cells away from adipogenesis, and toward osteoblastogenesis. (24) Perhaps, in the case of the experiments of Sample et al., there may be a mechanical influence on as yet unidentified cell populations.
Human evidence supporting a proposed neurological regulation of bone adaptation would include a general rise in BMD to increased levels of exercise, (25, 26) with an even greater systemic response in elite athletes who endure extreme challenges to the skeleton. (27) The difficulty in retaining bone after spinal cord injury, despite aggressive physical and pharmacological therapy, (28) or the bone loss that parallels neuropathy in diabetics, (29) could to some extent be ascribed to damaged feedback from the nervous system. In some contrast, however, the resorptive response that follows reductions in gravitational force (30, 31) and bed rest (32) is preferentially experienced by weight-bearing bones rather than throughout the skeleton. As attractive as a systemic skeletal response to local bone challenges may be, there is also a great deal of evidence of focal hypertrophy, such as the increased bone mass in the serving arm in racquet sports (33, 34) or the erosion of the femoral calcar after total hip replacement, (35, 36) which continue to point to site-specific alterations in skeletal mass to respond to sitedirected changes in the physical milieu. Of course, Roger Federer's nonplaying humerus, although 30% less dense than the arm that grips the racket, may still be much larger than ours. However, regardless of differences in the accepted and or changing conceptions of local versus systemic control of bone mass and morphology, the importance of mechanical loading is inescapable for both clinical and basic understanding of the skeleton.
On the whole, this paper should encourage an ecumenical inclusion of the action and interaction of many cells and cell types in contributing to-and maintaining-the structure of the skeleton. Certainly, if the loading response transcends the local environs and extends to the contralateral skeleton and beyond, mechanical response may involve not only nerves but the whole organs and tissues innervated by this information superhighway. This would include cells throughout the marrow that provide the final distal machinery of a regenerative response, orienting and directing the outcome of stem cells to best commit to building up fat mass during times of plenty and bone mass when it is time to escape. Therefore, the next time you are kicked in the shin, do not focus on the agony . . . instead, think of it as a systemic signal to build skeletal mass. Fortunately, Sample et al. effectively argue that we need to endure this intervention only once every 10 days.
